Abbreviations
=============

IPTG

:   isopropyl-β-[d]{.smallcaps}-thiogalactopyranoside

nanoLC/ESI-MS/MS

:   nano-liquid chromatography/electrospray ionization-tandem mass spectrometry

nt

:   nucleotide

OD

:   optical density

*Rluc*

:   *Renilla* luciferase

qRT-PCR

:   quantitative reverse transcription-polymerase chain reaction

sRNA

:   small RNA

Vect.

:   vector

Introduction {#s0001}
============

Recent advances in genome biology and functional genomics have shown that noncoding RNAs are key factors in a variety of gene regulatory systems, in both prokaryotes and eukaryotes.[@cit0001] These RNAs are not translated into proteins but act as functional RNA molecules. Because most noncoding RNAs in prokaryotes are 50-300 nucleotides (nt) long, they are called "small RNAs" (sRNAs),[@cit0004] RNA-seq analyses have shown that some sRNAs are expressed from the intergenic regions of the bacterial genome and from the antisense strands of previously annotated protein-coding genes.[@cit0006] Our group has also demonstrated that many as-yet-undiscovered sRNAs are potentially encoded in the *E. coli* genome.[@cit0008] Many of these sRNAs are reportedly expressed under stress conditions, [@cit0009] such as during temperature shock, oxidative stress, and sugar stress, or are expressed in specific growth phases.[@cit0013] These sRNAs principally inhibit the translation and/or induce the degradation of their target mRNA(s) by directly base-pairing with the target RNA molecules.[@cit0004] It has also been suggested that most sRNAs are only conserved among closely related bacterial strains,^815^ and therefore, that the genes encoding sRNAs evolve more rapidly than protein-coding genes.[@cit0016] Recent studies have shown that riboswitches are also functional sRNAs. A riboswitch is defined as an RNA sequence mainly located in the 5′-untranslated region of an mRNA that affects the expression of the downstream gene by interacting specifically with a target ligand.[@cit0017] Most of these downstream genes encode proteins that are involved in the cellular biosynthetic and transport pathways of metabolites. Therefore, riboswitches are thought to provide feedback regulation that allows cells to respond to metabolic supply and demand.[@cit0017] For example, a T-box riboswitch (tRNA-binding riboswitch) exists upstream from the *glyS gene* to regulate the transcription of glycyl-tRNA synthetase in *Staphylococcus* *aureus*.[@cit0019] The ribB flavin mononucleotide riboswitch of *E. coli* regulates riboflavin biosynthesis.[@cit0020]

From a gene technology perspective, it is anticipated that functional RNAs will provide unique and effective tools for gene regulation.[@cit0021] Historically, trials of gene silencing induced by artificial antisense RNAs were first reported in the 1980s,[@cit0025] and artificial sRNAs that specifically silenced the expression of selected genes were reported in 2011.[@cit0027] More recently, one of the most striking technologies in the field has been genome editing with the clustered regularly interspaced short palindromic repeats (CRISPR) system.[@cit0028] This technology is based on the sRNA-guided defense system in prokaryotes.[@cit0029] In this context, we previously developed a screening system for artificial sRNAs, which inhibit the growth of *E. coli*.[@cit0030] We used a plasmid library to express artificial sRNAs (approximately 200 nt long) containing a 60-nt random sequence, and identified a set of artificial sRNAs that displayed a range of inhibitory effects on bacterial growth. We proposed a new screening strategy for artificial functional RNAs in *E. coli*, but it was difficult to identify their targets because the expressed artificial RNAs contained a 60-nt random sequence and ∼140 nt derived from the vector. These artificial RNA structures were quite different from endogenous sRNAs.

In the present study, we constructed a new expression system for artificial sRNAs that are more likely to mimic endogenous sRNAs than were the previously synthesized sRNAs, because (i) the vector-derived sequences are dramatically reduced, and (ii) a basic sRNA structure is introduced in which 30 nt of the target-mRNA-recognition sequence is set in the 5′ half of the sRNA sequence, followed by an Hfq-binding region. Hfq is an RNA chaperone required for efficient recognition of the target RNA.[@cit0004] Using this system, we cloned and focused on one highly inhibitory sRNA, S-20. With a series of experiments, including a proteomic analysis, a reporter assay, and an RNA gel shift analysis, we inferred several target mRNAs and found that S-20 acts in a similar way to endogenous sRNAs.

Results and discussion {#s0002}
======================

Screening artificial sRNAs that inhibit E. coli growth {#s0002-0001}
------------------------------------------------------

To generate an artificial sRNA expression platform, we first constructed an sRNA expression vector, pET-28DEL ([Fig. 1A](#f0001){ref-type="fig"}), which was used as a control vector throughout the experiments. Oligonucleotides of approximately 70 bp, each including a 30-nt random sequence, were then sub-cloned into pET-28DEL ([Fig. 1B](#f0001){ref-type="fig"}). Therefore, under the control of the T7 promoter, this plasmid expresses an ∼120-nt artificial sRNA that mimics the structure of endogenous sRNAs,[@cit0004] in which each random region is expected to bind a target mRNA. The constructed plasmid expressing the artificial sRNAs was designated pASRII. Figure 1.Structure of the region inserted into the artificial sRNA expression plasmid. (A) Nucleotide sequence of the region inserted into the plasmid vector, pET-28DEL. The T7 promoter sequence is boxed in black and the transcription start site is indicated with a curved arrow. Secondary structure of the T7 terminator sequence is shown in pink. Numbers indicate the nucleotide positions from the transcription start site. Cloning site with two restriction sites is indicated in light blue. (B) Nucleotide sequence of the region inserted into the artificial sRNA expression plasmid, pASRII. 'N' indicates an unspecified nucleotide, and 30 Ns form a random nucleotide sequence (boxed in orange). Secondary structure of the putative Hfq-RNA-chaperone-binding region (Hfq-BR) is shown in purple. The positions of the SRA1 and SRA3 probes used for the RNA gel blotting analysis are indicated with blue lines (also see Table S1).

To screen for artificial sRNAs that inhibit the growth of *E. coli, E. coli* strain HMS174(DE3) was transformed with the pASRII library. The principal strategy of this screening technique is the same as the strategy reported previously.[@cit0030] In brief, 2 successive screening steps were used: (i) colony size selection on plates, and (ii) the growth of *E. coli* was monitored in a 96-well plate. In the first screening step, we manually selected smaller colonies (Fig. S1) under constant sRNA induction in the presence of 40 μM isopropyl-β-[d]{.smallcaps}-thiogalactopyranoside (IPTG). This step made it easier to handle the huge numbers of transformants. Typically, the smaller colonies appeared on the plates with a frequency of approximately 0.3%. As previously reported,[@cit0030] 40 μM IPTG is the minimal concentration for the adequate induction of artificial sRNA expression in our system (Fig. S2). In the second step, the growth of the selected transformants was monitored continuously in a 96-well plate. As shown in [Table 1](#t0001){ref-type="table"}, of the original 60,200 clones, 179 clones were isolated in the first step, and of these, 2 clones that exerted highly inhibitory effects on *E. coli* growth were selected in the second step (designated S-10 and S-20). We isolated no clones that accelerated *E. coli* growth with this screening strategy. Table 1.Screening for artificial sRNAs that inhibit the growth of *E. coli*.Screening stepNo. of clonesClones screened∼60,200I. Colony size selection179II. Growth analysis (in a 96-well plate)2

The effects of 6 sRNAs, including the 2 highly inhibitory sRNAs (S-10 and S-20), and the vector pET-28DEL on *E. coli* growth are shown in [Fig. 2A](#f0002){ref-type="fig"}. S-61, S-22, S-7, and S-8 sRNAs were selected to represent a variety of growth inhibition patterns. The nucleotide sequences of the 30-nt random sequence regions in the sRNAs are shown in [Table 2](#t0002){ref-type="table"}. The length of the random sequence region of S-10 was 28 nt, shorter than the expected size of 30 nt, probably arising from the loss of nucleotides during the PCR and/or ligation steps. The growth data were obtained with 2 independent experiments ([Fig. 2A](#f0002){ref-type="fig"}, [Columns 1 and 2](#f0001 f0002){ref-type="fig"}). When these 2 columns in [Fig. 2A](#f0002){ref-type="fig"} are compared, it is clear that the same sRNA reproducibly caused the same growth inhibition (see +IPTG condition). However, the growth inhibitory effects varied widely among different sRNAs. These results indicate that the growth inhibition of *E. coli* in this sRNA system is basically sRNA-sequence specific. For example, the effect of S-20 sRNA was very strong, from immediately after IPTG induction. However, with S-61 sRNA, *E. coli* grew similarly, with and without IPTG induction, until it reached an optical density at 600 nm (OD~600~) of 0.5, after which its growth was only inhibited in cells induced with IPTG. These observations prompted the speculation that each sRNA has a unique regulatory mechanism by which it inhibits the growth of *E. coli*. To evaluate whether the inhibitory effect on *E. coli* growth exerted by each sRNA was dependent on its nucleotide sequence rather than on its level of transcription, the sRNA expression levels were examined with northern blotting ([Fig. 2B](#f0002){ref-type="fig"}). Major transcripts of approximately 100 nt (detected with the probe SRA1) and 50 nt (detected with the probe SRA3) were expressed in the presence of IPTG from each sRNA clone and the vector plasmid, respectively. Although a very small amount of leaky sRNA expression was observed in the absence of IPTG, the expression of the control 5S rRNA was not influenced by the induction of sRNA expression. This result confirms that there was no significant correlation between the inhibition of *E. coli* growth and the level of sRNA expression. Because the expression of S-10 was higher than that of the other sRNAs, we analyzed S-20 to understand the function and regulation of artificial sRNAs. We confirmed that the S-20 sequence lacks an apparent open reading frame and has no AUG initiation codon for protein synthesis, although it is possible to use the GUG or UUG initiation codon for this purpose in *E. coli*.[@cit0031] We demonstrated that purified S-20 RNA bound directly to and repressed the translation of at least 2 possible target mRNAs (see below), so S-20 probably functions as a non-coding RNA. Figure 2.Expression of artificial sRNAs that inhibit *E. coli* growth. (A) Six examples of changes in *E. coli* growth induced by artificial sRNAs (S-10, −20, −61, −22, −7, and −8) or the empty vector pET-28DEL (Vect.). Single colonies of *E. coli* containing each plasmid were used to inoculate 200 μl aliquots of LB medium in 96-well plates, which were incubated at 37°C without IPTG (−) or with 40 μM IPTG (+). Cell growth was monitored by scanning the optical density at 600 nm (OD~600~). Data were obtained from 2 separate experiments, and the means and standard deviations of 3 cultures were calculated. (B) Northern blotting analysis of artificial sRNA expression in *E. coli*. *E. coli* containing each plasmid was grown at 37°C. After overnight incubation, the culture was diluted to OD~600~ = 0.3 with fresh LB medium containing 30 μg/ml kanamycin and then cultured at 37°C for 1 h. The expression of the artificial sRNAs was induced with 40 μM IPTG at 37°C. *E. coli* was also cultured at 37°C for 1 h without IPTG (−), as the control. The SRA1 probe was used to detect artificial sRNA and the SRA3 probe was used to detect the vector-derived sRNA (see [Fig. 1](#f0001){ref-type="fig"} and Table S1). The arrowheads indicate the positions of the major transcripts. 5S rRNA was used as the loading control. Table 2.Nucleotide sequences of cloned artificial sRNAs.Clone nameLength (nt)Nucleotide sequenceS-10285′-UUUCUGGACGUUUUUGCUCGUUAGCACU-3′S-20305′-UGUGGAGUUAAGUGGAUUGUCGUUGUGCCG-3′S-61305′-GCAGGUUUAUGGAGGUAGCGUUUGUUUAGG-3′S-22305′-ACGGUUUUCCUGGUAUUUGGCUUAUGGGUA-3′S-7305′-GCCGCCAUCUGCCCUUUUGCUCCCGGGGUU-3′S-8305′-UUGUACCGGGGGUCACAGGUAACGGGAGUG-3′

Characterization of the effects of artificial sRNA S-20 on E. coli {#s0002-0002}
------------------------------------------------------------------

To characterize the effects of S-20 on the *E. coli* proteome profile, a comprehensive proteomic analysis of bacteria that express the S-20 sRNA was conducted (Table S2). For the proteomic analysis, the whole proteins were extracted at the indicated times (0, 0.5, 1, 3, and 7 h) after IPTG induction ([Fig. 3A](#f0003){ref-type="fig"}). As a control, *E. coli* cells carrying the empty vector (Vect.) were analyzed in the same way. Under the culture conditions in which S-20 was induced at OD~600~ = 0.6, the expression of S-20 again inhibited *E. coli* growth: OD~600~ = 0.99 after incubation for 3 h in the presence of IPTG, whereas *E. coli* cells carrying the empty vector grew to OD~600~ = 1.2 after incubation for 3 h in the presence of IPTG. A nano-liquid chromatography/electrospray ionization-tandem mass spectrometry (nanoLC/ESI-MS/MS) analysis identified 1,734 *E. coli* proteins, from which we generated a list of proteins whose levels changed were (A) downregulated (top 35) or (B) upregulated (top 35) in response to S-20 expression. The list was sorted based on the data collected 3 h after induction. Enzymes involved in nucleic acid metabolism and energy metabolism constituted a large proportion of the proteins listed (A). The genes involved in nucleic acid metabolism were especially well represented in the list: *gly*Q** and *gly*S** (encoding glycyl-tRNA synthetase \[GlyRS\], α and β subunits, respectively), *cca* (encoding tRNA CCA-adding enzyme), *xse*A** (encoding exodeoxyribonuclease 7 large subunit), *ssb* (encoding single-stranded-DNA-binding protein), and *rnb* (encoding RNase II). Examples of genes involved in energy metabolism included *all*B** (encoding allantoinase), *osm*C** (encoding peroxiredoxin), and *trp*B** (encoding tryptophan synthase β chain). A computational analysis using TargetRNA2^32^ predicted that 6 of the mRNAs encoding these 35 downregulated proteins were targets of S-20: *osm*C**, *gly*Q**, *trp*B**, *ygi*M** (encoding uncharacterized protein YgiM), *gab*D** (encoding succinate-semialdehyde dehydrogenase), and *pfl*B** (encoding formate acetyltransferase 1). Operon information for *E. coli*, registered in the BioCyc Database Collection (<http://biocyc.org/>), showed that the *gly* operon includes the *gly*Q** and *gly*S** mRNAs. We also noted the *ygi*M*-cca* operon in the database, so these mRNAs were good candidate targets of S-20. Time-course analyses of 4 downregulated proteins are shown in [Fig. 3B](#f0003){ref-type="fig"}. The expression of osmC and glyQ was repressed throughout the period of S-20 induction. The expression of ygiM and trpB increased with time in *E. coli* containing the empty vector, but S-20 suppressed this upregulation. In contrast, among the top 35 proteins upregulated were proteins involved in membrane or transporter functions, energy metabolism, and transcription. Only 2 of the mRNAs, *gsp*G (encoding putative type II secretion system protein G) and *lsr*R (encoding transcriptional regulator lsrR), were predicted to be S-20 targets with TargetRNA2. However, as shown in Fig. S3, 3 of 4 examples of upregulated proteins, UPF0225 protein (ychJ), gspG, and lsrR, showed no apparent upregulation throughout the induction of S-20. Because these proteins were identified at the 3 h time point, and large differences in the levels of proteins between *E. coli* expressing S-20 and that expressing the empty vector were only detected at this time point, the upregulation of *gsp*G and *lsr*R by S-20 was less marked throughout the induction period. Figure 3.Four examples of proteins downregulated in response to S-20 induction. (A) Time point of S-20 induction and changes in *E. coli* growth. (B) Four examples of proteins downregulated in response to S-20 induction. Relative amounts of proteins (osmC, glyQ, ygiM, and trpB) at each induction time point were determined with a nanoLC-MS/MS analysis (see Materials and Methods). Mean (n = 3) and standard deviation for each value are shown. Vect.: vector.

To determine whether the changes in the amounts of these proteins correlated with the changes in their mRNA levels, we analyzed the mRNAs of 11 of the proteins in Table S2 with quantitative reverse transcription (qRT)-PCR (Fig. S4). These mRNAs were selected for 2 reasons: (i) the amounts of the proteins they encode changed when S-20 was expressed; and (ii) some of these mRNAs are predicted targets of S-20. For the control, we also selected 2 genes, *glm*M (encoding phosphoglucosamine mutase) and *gln*S (encoding glutamine tRNA ligase \[GlnRS\]), each protein amount of which was not influenced by the induction of S-20 (Fig. S3C) and whose mRNAs are not predicted targets of S-20 (see below). After the expression of S-20 was induced for 3 h, the expression of all of the mRNAs corresponding to the downregulated proteins (Fig. S4A) was reduced to approximately 52-90%, whereas the expression of all of the mRNAs (except *suf*A) corresponding to upregulated proteins (Fig. S4B) was increased to approximately 115-192%. There were no significant changes in the amounts of the 2 control mRNAs, *glm*M and *gln*S. After the expression of S-20 was induced for 7 h, the expression of all of the mRNAs was upregulated. However, the degree of upregulation differed between the mRNAs corresponding to the downregulated proteins (188% on average) and the mRNAs corresponding to the upregulated proteins (344% on average). Even the expression of the control mRNAs was upregulated (233% for *glm*M and 135% *gln*S). Therefore, the expression of the downregulated proteins listed in Table S2A did not correlate with their mRNA levels. Based on these observations, we concluded that S-20 caused the downregulation of some proteins (mentioned in [Fig. 4](#f0004){ref-type="fig"}), mainly at the translational level. Therefore, we investigated whether S-20 binds to the mRNAs of these downregulated proteins and regulates their expression at the translational level, as do the endogenous sRNAs of *E. coli*. Figure 4.Prediction of S-20 target mRNAs. mRNAs (operons) targeted by S-20 were predicted computationally (see Materials and Methods), and 4 examples (A-D) of the hybridization patterns between S-20 and its target mRNAs are shown. The transcription start site of each operon is indicated with a curved arrow. Numbers indicate the nucleotide positions from the translation start site of each mRNA close to the S-20 target region: (A) *osmC*, (B) *glyQ*, (C) *ygiM*, and (D) *trpB*.

Verification of the mRNAs targeted by S-20 {#s0002-0003}
------------------------------------------

[Fig. 4](#f0004){ref-type="fig"} shows 4 examples of the predicted patterns of hybridization between S-20 and each candidate target mRNA (operon). S-20 hybridized to the regions that included the AUG codons in the *osm*C ([Fig. 4A](#f0004){ref-type="fig"}), *ygi*M mRNAs ([Fig. 4C](#f0004){ref-type="fig"}) and *trp*B ([Fig. 4D](#f0004){ref-type="fig"}) mRNAs. S-20 also hybridized to the 5′-untranslated region, which occurs approximately 10-30 nt upstream from the initiation AUG codon, in the *gly*Q mRNA ([Fig. 4B](#f0004){ref-type="fig"}). The binding sequence within the 30 nt of S-20 changed, depending on the target mRNA, and either the 5′ or 3′ half or almost the whole sequence of S-20 was involved in binding each mRNA. To verify experimentally that the translation of the predicted target mRNAs was actually controlled by S-20, as is the case with endogenous sRNAs, an *in vitro* translation analysis was performed using a reporter *Renilla* luciferase (*hRluc*) mRNA fused to each S-20-binding site ([Fig. 5](#f0005){ref-type="fig"}). For this analysis, 6 chimeric RNAs were constructed: *osm*C-*hRluc*, *glyQ-hRluc*, *ygiM-hRluc* and *trpB-hRluc* as S-20 target RNAs ([Fig. 5A](#f0005){ref-type="fig"}), and *arg*1 (encoding ornithine carbamoyltransferase chain 1)-*hRluc* and *thr*A (encoding bifunctional aspartokinase/homoserine dehydrogenase 1)-hRluc as the control non-target RNAs ([Fig. 5B](#f0005){ref-type="fig"}). We measured the relative amounts of hRluc activity to observe the effects of S-20. To evaluate the specificity of the sRNAs, another artificial sRNA, S-8, was also examined. The hRluc activity associated with all 4 possible target mRNAs was reduced to 5.6%-30.4% in an S-20-dose-dependent manner ([Fig. 5A](#f0005){ref-type="fig"}). These activities were negligibly affected by the presence of S-8. However, the hRluc activity associated with the 2 control mRNAs remained the same, with or without the addition of S-20 or S-8. These results demonstrate that S-20 affects these 4 mRNAs and represses their translation, reducing their protein concentrations in *E. coli*. Figure 5.Effects of artificial sRNAs on the translation of sRNA target-synthetic *Renilla* luciferase (*hRluc*) chimeric reporter RNAs. (A) *Renilla* luciferase activities of the S-20-targeted mRNA-*hRluc* chimeras. (B) *Renilla* luciferase activities of the negative control chimeras (no sRNA-binding region). An *in vitro* translation assay of the chimeric RNA was performed in the presence of the indicated amounts of sRNAs. These chimeric RNAs contained additional ribonucleotide sequences (approximately 30 nt) derived from the vector sequence at each 5′ terminal. Tables show the mean values and standard deviations of the relative luciferase activities from 3 experiments. \*Normalized luciferase activity in the absence of sRNAs was set to 100%.

We then examined the RNA-RNA interactions between S-20 and its target mRNAs with an RNA gel shift assay ([Fig. 6](#f0006){ref-type="fig"}). For the target mRNAs, we used *in vitro*-transcribed 111-nt oligoribonucleotides containing each S-20-binding site (60 nt) fused to part of the *hRluc* mRNA, as shown in [Fig. 5](#f0005){ref-type="fig"}. The sequence of each target mRNA was exactly the same as the sequence of the first region of the corresponding reporter mRNAs. The results showed that S-20 directly bound to the 2 target chimeric oligoribonucleotides containing the translation initiation site sequence of either *osm*C or *trp*B. The control S-8 bound to neither of the sequences under the same conditions. However, no detectable interaction was observed between S-20 and 2 other target oligoribonucleotides from *gly*Q or *ygi*M, even after adjustment of the reaction conditions. Because S-20 repressed the translation of the reporter RNAs associated with *osm*C, *gly*Q, *ygi*M, and *trp*B, and we used an *E. coli* lysate for the *in vitro* translation experiment shown in [Fig. 5](#f0005){ref-type="fig"}, an additional factor, such as the RNA chaperone, Hfq protein, may be required for efficient RNA-RNA interactions in the cases of *gly*Q and *ygi*M. We also examined 2 S-20 mutants, S-20 Ma and S-20 Mf (also see [Fig. 7](#f0007){ref-type="fig"}). Both mutants abolished the binding activity to *trp*B but not to *osm*C. These data support the fact that the binding sequence within the 30 nt of S-20 were altered, depending on the target mRNA (see below for the effects of these mutations on *E. coli* growth inhibition). In conclusion, S-20 repressed some genes at the translational level and at least 2 target mRNAs, *osm*C, and *trp*B, were directly regulated by this artificial sRNA. Figure 6.RNA gel shift analysis of S-20 target mRNAs. RNA-RNA interactions were examined with an RNA gel shift analysis. A FITC-labeled oligoribonucleotide, either S-20 (6 pmol) or S-8 (6 pmol), was incubated with 0-20 pmol of each target oligoribonucleotide (*osmC, glyQ, ygiM* or *trpB*) at 70°C for 7 min, and then at room temperature for 1 h. RNA-RNA interactions were analyzed by electrophoresis on a non-denaturing 4% (w/v) polyacrylamide gel. Two FITC-labeled mutant oligoribonucleotides, S-20 Ma and S-20 Mf, were examined in a similar manner (also see [Fig. 7A](#f0007){ref-type="fig"}). Similar results were obtained in at least 2 independent experiments. Figure 7.Analysis of S-20 mutants. (A) Nucleotide sequences (shown in orange) of the regions inserted into the artificial S-20 sRNA expression plasmid pASRIIS-20 and the ribonucleotides responsible for its hybridization with each target mRNA (indicated by black circles). See also [Fig. 4](#f0004){ref-type="fig"}. (B) S-20 nucleotide sequence (insert) and its mutants. S-20 nucleotides are indicated in orange and the substituted nucleotides in the S-20 sequence are indicated in black. (\*) Inhibition of *E. coli* growth is shown as the following 3 categories: +++, maximum OD~600~ \< 0.6; ++, 0.6 ≤ maximum OD~600~ \< 0.8; +, 0.8 ≤ maximum OD~600~. See also Fig. S5.

Possible mechanism of S-20 action and further insight into artificial sRNAs {#s0002-0004}
---------------------------------------------------------------------------

In this paper, we have shown that at least 4 mRNAs are regulated by S-20 sRNA and that S-20 reduced the amount of each protein at the translational level. The next question is: which mRNA corresponds to the inhibition of *E. coli* growth? To address this question, S-20 mutants were constructed and their effects on *E. coli* growth were investigated ([Fig. 7](#f0007){ref-type="fig"} and Fig. S5A). The S-20 nucleotides required for the hybridization of S-20 to each of the 4 target mRNAs are summarized in [Fig. 7A](#f0007){ref-type="fig"}, based on the hybridization patterns shown in [Fig. 4](#f0004){ref-type="fig"}. The positions of the nucleotides substituted in each mutant sRNA were mainly selected to interrupt each site of hybridization, but many of the nucleotides in S-20 that recognized the target mRNA sequences overlapped. A RNA gel blotting analysis showed that many of the S-20 mutants caused a 2-3-fold increase in the amount of each RNA (Fig. S5B), except mutants Me and Mf and the S-8 sRNA. Therefore, we carefully analyzed the strong inhibitory effect on *E. coli* growth when the amount of a certain mutant sRNA was markedly increased, and removed mutant Md from further analysis. As shown in [Figs. 7B](#f0007){ref-type="fig"} and S5A, although S-20 inhibited bacterial growth, these inhibitory effects were partially ameliorated in all the mutants except Md, in which the OD~600~ was 0.7-0.9 after incubation for 12 h in the presence of IPTG. The stronger amelioration roughly mapped to 2 ribonucleotide regions in the S-20 sequence: (i) ribonucleotide positions 4G, 5G, and 6A (mutants Ma, Mab, and Mg), and (ii) ribonucleotide positions 9U, 10A, 11A, and 12G (mutant Mf). Based on the results for the first 3 mutants, we concluded that the guanines (Gs) at nucleotide positions 4 and 5 in the random nucleotide region of S-20 were at least partially responsible for the growth inhibition of *E. coli*. These results also show that osmC is not responsible for this growth inhibition, and suggest that S-20 targets multiple mRNAs. The gel shift analysis of the mutant S-20 Ma abolished its binding activity to *trp*B, but not to osmC. Moreover, based on the results for the second region mutant Mf, which was designed not to hybridize with *trp*B mRNA and was expressed at the same level as the original S-20, the partial amelioration of *E. coli* growth inhibition by the Mf mutant suggests that trpB is one of the candidate proteins responsible for *E. coli* growth. This observation is also supported by the gel shift analysis of mutant S-20 Mf ([Fig. 6](#f0006){ref-type="fig"}). Mutations in the middle region of S-20 (mutant Mb) or in the 3′ half of the sequence (mutant Me) still inhibited *E. coli* growth. According to the analysis of all these mutants, it is possible that the interrupted translation of either *gly*Q mRNA or *ygi*M mRNA may also be responsible for this bacterial growth inhibition.

To summarize the results of this study, a possible explanation of the S-20-mediated inhibition of *E. coli* growth is described. S-20 may target several mRNAs, encoding proteins such as trpB and GlyRS and inhibiting their translation. Therefore, the expression of these proteins is reduced. Because trpB and trpA are important enzymes, supplying the amino acid tryptophan to the cell, we speculate that the depletion of this important enzyme may be the main reason for the inhibition of *E. coli* growth. Indeed, it has been reported that trp mutant *E. coli* strains (*trp*B8 or *trp*A2) do not grow in minimal medium or under tryptophan-limited conditions. [@cit0033] Furthermore, *E. coli* growth was previously inhibited by the expression of RNA mini-helices directed against GlyRS.[@cit0034] Because we observed a reduction in GlyRS protein in both a proteome analysis and an *in vitro* translation analysis, we also infer that the depletion of GlyRS is involved in the inhibition of *E. coli* growth, although in this case, we did not reconstitute the direct RNA-RNA interaction *in vitro*. Simultaneously, S-20 may also indirectly target other enzymes involved in nucleic acid metabolism, such as RNase II and exodeoxyribonuclease 7 (Fig. S3). Although we have no exact data to explain how these enzymes are downregulated by S-20, the depletion of these enzymes may also inhibit *E. coli* growth. Pertinently, it has been reported that RNase II is associated with the known degradation component of the RNA degradosome in *E. coli*.[@cit0035] Therefore, the depletion of RNase II may increase the levels of other sets of mRNAs, and the expression of the corresponding proteins. Alternatively, it is also true that we only focused on the mRNA candidates that were selected by the bioinformatics analysis (predicted by TargetRNA2), although we identified more than 30 other candidate targets of S-20 (Table S2). Therefore, to determine the exact mRNA set that is responsible for *E. coli* growth inhibition, another set of experiments may be required, including a series of mutational analyses of endogenous candidate target mRNAs.

sRNAs are usually only conserved within closely related species of prokaryotes.[@cit0008] For example, most sRNAs identified in *E. coli* are restricted to 2 genera, Escherichia and Shigella.[@cit0008] In other words, the genes for sRNAs may evolve more rapidly than protein-coding genes.[@cit0015] In this study, we identified an artificial sRNA, S-20, that directly affects the metabolic systems of *E. coli*, just like endogenous sRNAs, based on the following points: (i) S-20 may target several mRNAs by its partial hybridization with each target; and (ii) the downregulation of each target protein occurs at the translation level. Therefore, it is conceivable that this artificial sRNA mimics the regulatory mechanisms of endogenous sRNAs. Our results suggest that although the artificial sRNA was not originally associated with any biologic regulatory system in *E. coli*, it could be used as a functional biomolecule once selected in the cell. *Escherichia coli*-genome-derived sequences may be better than random sequences for constructing an artificial sRNA library with which to efficiently isolate artificial antisense RNAs. However, our data suggest that at least the S-20 sRNA sequence was selected to hybridize with a group of target mRNAs from the partially randomized sRNA library. We believe that this is an important feature of sRNA selection (evolution). Furthermore, although there is no S-20-like sequence in the *E. coli* genome, some endogenous sRNAs are reportedly involved in bacterial cell growth under certain stress or nutritional conditions. [@cit0038] Our finding implies that *E. coli* has the capacity to use artificial sRNAs for its urgent regulation, and we speculate that this capacity may be associated with the presumed rapid evolution of bacterial sRNAs. However, we could not isolate any sRNA clones that conferred extra abilities on *E. coli*, such as heat resistance, UV resistance, or drug resistance, despite several rounds of rigorous screening. Appropriate screening and selection systems will be required to resolve this problem. It is also important to use a non-leaky inducible promoter for the next step. The establishment of these systems should open new opportunities for synthetic RNA biology.

Materials and methods {#s0003}
=====================

Construction of an expression plasmid library of artificial sRNAs {#s0003-0001}
-----------------------------------------------------------------

To prepare the expression plasmid (pASRII) library of artificial sRNAs, the plasmid pET-28DEL ([Fig. 1A](#f0001){ref-type="fig"}) was initially constructed with the following 2 steps. (i) To remove an 88-bp sequence between the *Not*I restriction site and the T7 terminator in the pET-28b expression vector (Novagen, \#69865-3), PCR was used to amplify the external region of the 88-bp sequence using 5′-phosphorylated primers, DEL-S0 and DEL-A0. After the self-ligation of the amplified fragment, the plasmid (designated pET-28DEL0) was generated with a conventional cloning method. (ii) To remove a further nucleotide sequence between the T7 promoter and the *Not*I restriction site, and to insert an *Xba*I restriction site immediately downstream of the T7 promoter sequence in pET-28DEL0, PCR was performed again using 5′-phosphorylated primers, DEL-S and DEL-A, and pET-28DEL was generated in a similar way. To construct the expression plasmid pASRII ([Fig. 1B](#f0001){ref-type="fig"}), the inserted DNAs were first amplified with PCR from a synthetic 111-bp DNA template containing 30 bp of random nucleotide sequence (purchased from Hokkaido System Science, Japan) using primers 30S and 30A. The resulting DNA fragments were sub-cloned into the *Xba*I-*Not*I sites in the pET-28DEL vector. Within the insert, a sequence of approximately 30 bp, corresponding to the Hfq-RNA-chaperone-binding region (Hfq-BR: the sequence was originally derived from DsrA sRNA[@cit0040]), was placed next to the random sequence.

Construction of pASRII-S-20 mutant plasmids and luciferase reporter plasmids {#s0003-0002}
----------------------------------------------------------------------------

To construct the pASRII-S-20 mutant plasmids, each annealed oligonucleotide containing a mutation (see Table S1 and [Fig. 7](#f0007){ref-type="fig"}) was sub-cloned into the *Xba*I-*Not*I sites in the pET-28DEL vector. To construct the luciferase reporter plasmids, the synthetic Renilla luciferase gene (*hRluc*) was first amplified from the psiCHECK-2 plasmid (Promega, \#C8021) with tagged PCR primers, and sub-cloned into the *Hind*III-*Xho*I sites in the pET-23b vector (Novagen, \#69746-3). Each annealed oligonucleotide containing possible S-20 target regions (see Table S1, and [Figs 4 and 5](#f0004 f0005){ref-type="fig"}) was then sub-cloned into the *Xba*I-*Hind*III sites in each resulting plasmid.

Expression and screening of artificial sRNAs that inhibit E. coli growth {#s0003-0003}
------------------------------------------------------------------------

*E. coli* HMS174(DE3) (Novagen, \#69453-3) was transformed with the pASRII library. Immediately before the transformants were spread on 90 mm Luria-Bertani (LB) agar plates containing 30 μg/ml kanamycin, 100 μl of IPTG (40 μM) was applied to each plate. The transformants were grown at 37°C for 16 h. To isolate the plasmid clones containing sRNAs that inhibited *E. coli* growth, the smaller single colonies were selected. The plasmids were isolated and the same *E. coli* strain was transformed with each of the plasmids, and grown at 37°C for 16 h on plates containing 30 μg/ml kanamycin. Single colonies picked from the plates were used to inoculate 1 ml samples of LB medium containing 30 μg/ml kanamycin. After incubation at 37°C for 7 h, the cultures were diluted (1:44) with fresh LB medium containing 30 μg/ml kanamycin, and 200 μl aliquots were placed in a 96-well plate (TPP, Switzerland). The growth of each *E. coli* culture at 37°C with slight agitation, with or without 40 μM IPTG, was monitored directly at OD~600~ on a spectrophotometer (SpectraMax Plus 384; Molecular Devices, Inc., USA). The OD~600~ values were used to construct the growth curves (Figs 2A, S2, and S5A). Clones showing highly inhibitory effects on the growth of *E. coli* were selected, and the nucleotide sequence of each DNA insert was determined.

E. coli culture conditions {#s0003-0004}
--------------------------

*Escherichia coli* was cultured with the following 2 protocols. (i) To monitor *E. coli* growth (Figs 2A, S2, and S5A), a single *E. coli* colony carrying pASRII or the control vector (pET-28DEL) was used to inoculate 1 ml of LB medium containing 30 μg/ml kanamycin. After incubation at 37°C for 7 h, the culture was diluted (1:44) with fresh LB medium containing both 30 μg/ml kanamycin and 40 μM (or the indicated concentration of) IPTG, and then cultured in 200 μl aliquots in a 96-well plate at 37°C with slight agitation for 16 h to monitor *E. coli* growth. (ii) To prepare the total RNA for RNA gel blot hybridization (Figs 2B and S5B) and for the qRT-PCR analysis (Fig. S4), or to express the proteins used in the proteomic analysis (Table S2 and Figs 3B and S3), a single *E. coli* colony carrying pASRII or the control vector (pET-28DEL) was used to inoculate 2 ml of LB medium containing 30 μg/ml kanamycin. After incubation overnight at 37°C, the culture was diluted to OD~600~ = 0.3 with fresh LB medium containing 30 μg/ml kanamycin and then cultured at 37°C for 1 h. The expression of the artificial sRNAs was induced with 40 μM IPTG at 37°C. These cultured cells were harvested after induction for 1 h for RNA gel blot hybridization or at each indicated time point for qRT-PCR analysis and proteomic analysis. *E. coli* was also cultured at 37°C without IPTG as the control. The samples were immediately stored at −80°C for later analysis.

Northern blot hybridization and qRT-PCR analysis {#s0003-0005}
------------------------------------------------

Total RNA was extracted with the RNeasy Midi Kit (Qiagen, \#75144), with slight modification. Instead of using an RNeasy Midi column, we used phenol-chloroform extraction to efficiently collect the complete set of RNAs, including the low-molecular-weight RNAs.

To analyze the sRNAs (20-500 nt) with RNA gel blot hybridization, the total RNA (0.8 μg per lane) was separated on a denaturing 6% polyacrylamide gel containing 8 M urea and then transferred onto Hybond-N+ membrane (GE Healthcare, USA) with electroblotting. After UV cross-linking, the membrane was pre-hybridized manually in hybridization buffer containing 1× Denhardt\'s solution (0.2 μg/ml Ficoll 400, 0.2 μg/ml polyvinylpyrrolidone, and 0.2 μg/ml bovine serum albumin), 4× saline sodium citrate (SSC) diluted from UltraPure 20× SSC (Invitrogen, \#15557-036), 0.1 mg/ml UltraPure Salmon Sperm DNA Solution (Invitrogen, \#15632-011), and 0.5% sodium dodecyl sulfate (SDS). The biotin-labeled antisense oligodeoxynucleotide was prepared with the Biotin 3′ End DNA Labeling Kit (Pierce Biotechnology, \#89818), and hybridization was performed overnight at 37°C in the same buffer as the labeled antisense oligodeoxynucleotide. The membrane was then washed with buffer containing 4× SSC and 0.5% SDS at 37°C. The non-isotopic blots were visualized with ECF Substrate (GE Healthcare, \#RPN5785). In the qRT-PCR analysis, reverse transcription was performed with the TaKaRa PrimeScriptRT-PCR Kit (Takara Bio Inc., \#RR014A), according to the manufacturer\'s protocol. The qRT-PCR analysis was conducted using the StepOnePlus Real-Time PCR System (Applied Biosystems, USA) with SYBR Premix Ex Taq II, Tli RNaseH Plus (Takara Bio Inc., \#RR820A), according to the manufacturer\'s protocol. The relative amounts of mRNAs were normalized to the *gyr*B transcript in each sample. P values were calculated with a t test (n = 3).

Proteomic analysis {#s0003-0006}
------------------

The protein mixture was extracted from pelleted *E. coli* with 100 mM triethylammonium bicarbonate (TEAB; pH 8.5) containing 12 mM sodium deoxycholate, 12 mM sodium *N*-dodecanoyl sarcosinate, and 1% protease inhibitor cocktail (Sigma-Aldrich Co., \#P8340). The resulting protein mixture was reduced with 10 mM dithiothreitol at room temperature for 30 min, and alkylated with 47 mM iodoacetamide at room temperature for 30 min in the dark. The samples were diluted 5-fold with 100 mM TEAB (pH 8.5) and digested overnight with sequencing-grade lysyl endopeptidase (Lys-C) (Wako, \#129-02541) and trypsin (Promega, \#V5113) at room temperature. An LTQ Orbitrap XL mass spectrometer (Thermo Fisher Scientific, USA) equipped with a hand-made spray needle column (100 µm i.d., 5 µm tip i.d., 130 mm length) packed with Reprosil-Pur C18 material (3 µm, 120 Å; Dr. Maish, Germany), a Dionex UltiMate 3000 pump with an FLM-3000 Flow Manager (Dionex Softron GmbH, Germany), and an HTC-PAL Autosampler (CTC Analytics, Switzerland) was used for the nanoLC-MS/MS measurements. The mobile phase, composed of (A) acetic acid:water (0.5:100, v/v) and (B) acetic acid:water:acetonitrile (0.5:20:80, v/v/v), was added at a flow rate of 500 nl/min. The digested material was dissolved in acetic acid:water:acetonitrile (0.5:95:5, v/v/v) and injected into the LC/MS system. The composition of the mobile phase was (B) 5-10% (0-5 min), 10-40% (5-65 min), 40-100% (65-70 min), 100% (70-80 min), and 5% (80-110 min). The eluted peptide fragments were ionized with electrospray ionization in positive ion mode, and the strongest 10 peaks derived from multiple charged peptide ions were subjected to MS/MS with collision-induced dissociation. The spray needle voltage was 2400 V, the capillary voltage 35 V, and the tube lens voltage 100 V. The capillary temperature was 200°C. The MS scan was performed in a scan range of m/z 300-1500 at a resolution of 60,000. The MS/MS scan was performed under the following conditions: isolation width, 2; normalized collision energy, 35 V; activation Q, 0.25; activation time, 30 s.

The mass spectrum data generated with nanoLC/ESI-MS/MS were screened against UniProtKB/Swiss-Prot entries (<http://www.uniprot.org/>) with the Mascot program (Matrix Science, UK), under the following conditions: taxonomy, *E. coli* K-12; peptide ion tolerance, 3 ppm; product ion tolerance, 0.8 Da; enzyme, trypsin; missed coverage, 2; fixed modification, carbamidomethylation at Cys; variable modification, oxidation at Met. The peptides identified with a MASCOT score of \>95% reliability were considered in this study. The expression levels of the proteins were calculated as follows. The maximal signal intensities of all the peptide ions identified on the mass spectra were analyzed with Mass Navigator ver. 1.2 (Mitsui Knowledge Industry, Japan), and then each intensity value was adjusted for the total ion intensity of the mass spectra at m/z 300-1500 and a retention time of 30-80 min, during which most peptides were detected, to normalize the intensity values between the different LC-MS runs. The relative expression levels of the peptides were then calculated as the intensity of each LC-MS run divided by the mean intensity of the peptide with the same sequence on all LC-MS runs. The expression level of each protein was calculated as the mean of the relative expression levels of those peptides without outlier values, determined with Thompson\'s outlier test (P \< 0.1).

Prediction of S-20 target mRNAs {#s0003-0007}
-------------------------------

The web server TargetRNA2^32^ was used to predict the mRNAs targeted by S-20, with the following parameters: replicon, *E. coli* str. K-12 sub-strain MG1655; P value threshold, 1.0; nucleotides in the interaction region, 20 or 30 nt. The target sites located within the mRNAs were selected based on information from the BioCyc Database Collection (<http://biocyc.org/>).

In vitro transcription/translation and *Renilla* luciferase reporter assay {#s0003-0008}
--------------------------------------------------------------------------

Two kits were used for the *in vitro* transcription reactions, depending on the size of the RNA synthesized: the MEGAshortscript T7 Transcription Kit (Ambion, \#AM1354) for sRNAs (approximately 100 bases; [Figs. 5 and 6](#f0005 f0006){ref-type="fig"}) and the MEGAscript T7 Transcription Kit (Ambion, \#AM1334) for longer RNAs (approximately 1,000 bases; [Fig. 5](#f0005){ref-type="fig"}). Recombinant RNase Inhibitor (Takara Bio Inc., \#2313A) was added to each reaction mixture, which was then incubated at 37°C for 3 h. The resulting products were treated with RNase-free DNase I (Takara Bio Inc., \#2270A), and then extracted with phenol-chloroform and purified with CHROMA SPIN-30 Columns (BD Biosciences Clontech, \#636087). The S30 T7 High-Yield Protein Expression System, which is an *E. coli*-lysate-based translation system made by Promega (Promega, \#L1115) was used for the *in vitro* translation reaction, according to the manufacturer\'s protocol. The *Renilla* Luciferase Assay System (Promega, \#E2810) was used to estimate the amount of *Renilla* luciferase translated. Luciferase activity was measured with a luminometer (Lumat LB9507; Berthold, Germany).

RNA gel shift analysis {#s0003-0009}
----------------------

5′-Fluorescein isothiocyanate (FITC)-labeled synthetic oligoribonucleotides (purchased from Hokkaido System Science, Japan) were used as the artificial small RNAs. For the target mRNAs, *in vitro*-transcribed 111-nt oligoribonucleotides containing each S-20-binding site (60 nt) fused to part of the *hRluc* mRNA (as shown in [Fig. 5](#f0005){ref-type="fig"}) were used. Binding reactions containing the 5′-FITC-labeled oligoribonucleotide (6 pmol) and target mRNA oligoribonucleotide (0-20 pmol) in 20 μl of RNA binding buffer (10 mM Tris-HCl \[pH 7.2\], 100 mM NaCl, 0.5 mM EDTA and 2.5 mM MgCl~2~) were incubated at 70°C for 7 min, and then at room temperature for 1 h. The RNA-RNA complexes were promptly analyzed with electrophoresis on a 4% (w/v) non-denaturing polyacrylamide gel at room temperature.[@cit0042] The RNA-RNA complexes were quantitated by scanning the fluorescent image with the Molecular Imager FX Pro (Bio-Rad Laboratories, USA).
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